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ABSTRACT 
Trinitrotoluene (TNT) is a highly explosive nitroaromatic compound that is used for military and terrorist activities 
such as the development of improvised explosive devices (IEDs), landmines and is the main charge or explosive 
in most of the anti-personal and anti-vehicle mines. Different chemicals/ contaminants associated with TNT in 
soils near buried land mines comprise the microbial transformation products of TNT (2-amino-4,6-dinitrotoluene 
[2-Am-DNT] and 4-amino-2,6-dinitrotoluene [4-Am-DNT]), manufacturing impurities of TNT (2,4-DNT, 2,6-
DNT, and 1,3-DNB), and TNT. Time, cost, and casualties associated with demining have necessitated the demand 
for improved detection techniques with reduced false positives by directly detecting the explosive material, rather 
than casing material of mines. Different analytical methods used to detect trace level of explosives in soil include 
ion mobility mass spectrometry, gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-
mass spectrometry (LC-MS) that require samples to be collected from hazardous sites to laboratories. This is 
extremely unsafe, time consuming, involve large and expensive instrumentation cost and specially trained staff. 
Thus, detecting chemical signatures of these nitroaromatics in soil infected with these chemicals due to leaked 
TNT mines can provide location of landmines/ landmine prone zones to aide humanitarian demining process. This 
paper illustrates soil analysis for explosives and selected contaminants by Raman spectroscopy as a chemical, non-
destructive, remote sensing method. As with advancement of Raman-based standoff detection techniques, field-
portable instruments and UAV deployable probes, this technique can be effectively employed in detecting buried 
landmines based on specific chemical signatures of target analyte. In this present study, TNT-based nitroaromatic 
was assessed in contaminated soil samples using Raman spectroscopy, where uncontaminated soil was used as 
background and matrix for spiking target contaminants at different concentrations.  
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1. INTRODUCTION 
Landmines are weapons, usually buried, that explode when stepped on and are designed to injure or kill, leaving 
long-term psychological effects and posing a financial burden to the community. Landmines have an indefinite 
lifetime, and resulted in tremendous socio-economic disruptions for more than two decades 1. Till this date, 
accurate records of the exact locations of the minefields are unmanaged, making removal of landmines 
painstakingly slow. Most affected are developing nations and underdeveloped nations, where the presence of 
landmines has hampered resettlement, agriculture, wildlife and tourism. Thus, the detection of explosives is a vital 
part of law enforcement, anti-terrorism, and military activities around the world. Deterioration of infrastructure 
and the threat posed by landmines restricted the ability of humanitarian organisations to travel and aid, due to the 
impact of mines on transport, loss of equipment and the safety of humanitarian staff. Other than the landmines 
sensitivity to explosion with time or atmospheric factors, absence of maps or information about the landmine types 
used or the areas where they were originally placed, the change of landmines locations due to climatic and physical 
factors, the large variety of types of antivehicle (AVM) and antipersonnel (APM) landmines, and the high cost of 
locating and removing landmines affect the process of humanitarian demining. The United Nations Department 
of Humanitarian Affairs (UNDHA) has very strict regulations in terms of humanitarian demining. As a matter of 
fact, the 99.6% of mines and unexploded ordnance must be safely removed from an area to consider it landmine-
free. Thus, there is growing demand for reliable landmine inspection systems in combination of an unmanned 
aerial system (UAV) applied for the terrain mapping and geo-detection of explosive landmine-like objects2. 
Drones, including unmanned air vehicles (UAVs) and micro air vehicles (MAVs), have been used for a variety of 
civilian and military applications and missions. These unmanned flying systems are able to carry different sensors 
based on the type of their missions, such as acoustic, visual, chemical, and biological sensors3.  
A typical landmine consists of different components- firing 
mechanism, detonator or igniter, booster charge, main charge, 
and casing. The booster charge is a highly sensitive explosive 
that will explode easily, when subjected to the shock of the 
detonator4. Typically, a pea-sized pellet of RDX is used. The 
purpose of the booster is to amplify the shock of the detonator 
and initiate the main explosive charge. The most common 
content of main charge mainly consists of loadings of few 
grams to Kilograms TNT, RDX, HMX explosives depending 
on the type of mine- i.e. antipersonnel mine (APM) or anti 
vehicle mine (AVM). The mine casing houses the components 
of the landmine and protects it from its environment and can 
be metal, plastic, wooden etc. Detection of landmine in soil is affected by many different factors, including type 
of mine, type of explosive, type of casing and geographical features of the land, vegetation-such as type of soil, 
moisture content, topography etc. Detection of buried and partially buried landmines employ different techniques 
such as GPR, metal detectors, NIR and SWIR, microwave radar and visible light detection etc5–10. These 
techniques, however, suffer from many drawbacks and have resulted in significant false alarms, hence, detection 
of chemical signature of mine/ explosive is preferable to reduce these false alarms.  Moreover, leakage and 
leaching of explosives from mine casing into soil, groundwater can occur due to wearing of casing and various 
environmental reasons including flood, landslides etc. Thus, detection of explosives and trace vapors in soil can 
be employed for detecting landmine affected zones/ areas. Since, TNT is commonly employed explosive in 
landmines, military devices and improvised explosive devices (IEDs), contamination of soil and groundwater by 
TNT based explosives and their degraded by-products has caused adverse effects on general population, vegetation 
and wildlife in these landmine prone areas and artillery bases11–13. Analytes most frequently found in soils 
collected near buried land mines were the microbial transformation products of TNT- (2-amino-4,6-dinitrotoluene 
[2-Am-DNT] and 4-amino-2,6-dinitrotoluene [4-Am-DNT]), manufacturing impurities of TNT (2,4-DNT, 2,6-
DNT, and 1,3-DNB), 2- Nitrotoluenes and TNT14,15.  Different methods for characterizing hazardous waste sites 
are time-consuming, cumbersome, risky, and expensive16–19. Typically, site characterization requires a preliminary 
site assessment, followed by sampling of potentially contaminated soils and waters. The samples are sent to 
laboratories for analysis using EPA-certified methods.  
In the present study, we have investigated the detection of 2-Nitrotoluene, an explosive and one of the degradation 
products of TNT, in soil and water samples using Raman spectroscopy. These samples can be treated as 
representative of explosive rich soil and groundwater systems. Raman spectroscopy is an excellent technique for 
detection of various chemical entities based on their molecular structure and each molecule has a unique chemical 
signature20,21. The technique is very amenable to materials that reside in an aqueous environment (in contrast to 
infrared spectroscopy1); analysis is possible on solids, liquids, gases, and dissolved species. Different Raman 
techniques have been applied in detection of trace explosives in IEDs22–24.  With the development of powerful 
laser sources and sensitive detectors, various portable and mobile Raman spectroscopy systems, standoff 
systems25, UAV drone fitted Raman surveillance sensors have increasing chances of being adopted in detection 
of explosives in landmines and sea-mines.  
2. Materials and Methods 
Materials:  
Uncontaminated soils were used as background blanks and as the matrix for spiking target contaminant i.e. 2-
Nitrotoluene NT, that was purchased from Sigma Aldrich. Analytical grade Acetonitrile was used to prepare 2-
Nitrotoluene NT spiked soil samples. Raman measurement of 2-Nitrotoluene NT was recorded on a Raman system 
from Avalon (Raman Station R3)-benchtop Raman with 785nm laser (300mW) and air-cooled CCD (-50 °C) 
detector. The working distance for the probe was 5mm and spectral range 250to 3500 cm-1 at a resolution of 2 cm-
1.  
Experimental method:  
In this work, we have undertaken a preliminary investigation for exploring Raman spectroscopy as a feasible 
method for detecting nitroaromatics and explosives qualitatively under different conditions. The experiment was 
divided into three sets- dry soil sample spiked with NT, wet soil sample spiked with NT and water spiked with 
Figure 1 Composition of a landmine 
NT. These samples can be treated as tentative representative samples for different environmental sources 
contaminated with leaked mines/ explosive residue such as dry soil and ground, wet soil, and groundwater and 
water bodies such as lakes, ponds etc. For preparing dry soil samples, uncontaminated soil (100 mg) was 
suspended in 2 mL of acetonitrile and different amounts of 2-nitrotoluene NT was added under stirring to obtain 
5 sets of samples S1-S5 with w/w ratio of soil: NT as 1:1, 1:0.8, 1:0.6,1:0.4 and 1:0.2. The mixture of soil and NT 
in acetonitrile was stirred, and solvent was allowed to evaporate at room temperature, dry samples were stored in 
desiccator for 24h prior to Raman investigation. Similarly, for samples in wet soil, initially soil sample (100 mg) 
was added to 1 mL of deionised water and the sample was agitated in a sonication bath. NT was spiked in different 
amounts to the agitated soil sample such that the w/w ratio of wet soil to NT was maintained as 1:1, 1:0.8, 
1:0.6,1:0.4 and 1:0.2 in samples S1a, S2a, S3a, S4a and S5a. The sample was again agitated under sonication for 
2 hours and was taken out only during the Raman analysis. For samples in water, NT was added to deionised water 
(100 mg) keeping the w/w ratio of water to NT as 1:1, 1:0.8, 1:0.6,1:0.4 and 1:0.2 in samples S1.1, S2.1, S3.1, 
S4.1 and S5.1. These samples were agitated in a sonication bath for 2 hours until each sample was procured for 
analysis and Raman spectrum was recorded for the milky emulsion sample type.  
 
3. RESULTS AND DISCUSSION 
Raman scattering for pure 2-Nitrotoluene NT were investigated (Figure 2) and sharp peaks for -NO2 group, -CH3 
vibrations at 1612 (very weak vw), 1578 (medium m), 1520 (vw), 1344 (very strong vs), 1200 (weak w), 1162 
(w), 1050 (m), 858 (w), 792 (s), 664 (w) and 538 (vw) cm-1 were seen. Sharp peak at 1344 cm-1 corresponds to 
NO2 symmetric mode, two bands at 1578 cm-1 and 1520 cm-1 asymmetric NO2 stretching and aromatic NO2 
conjugation, respectively. Raman bands at 1200 cm-1 and between1162 to 1050 cm-1 corresponds to H-C-C in 
plane bending and methyl H-C-H asymmetric bend. Bands around 858 cm-1 and 792 cm-1 correspond to -NO2 and 
-CH3 vibrations, respectively.  
 
Figure 2 Raman spectrum of pure 2-Nitrotolunene NT 
As seen in Figure 3, spiked NT in dry soil samples in different w/w ratio of soil: NT, S1- 1:0.2 w/w, S2- 1:0.4 
w/w, S3- 1:0.6 w/w, S4- 1:0.8 w/w and S5- 1:1 w/w, NT represents pure nitrotoluene and uncontaminated soil is 
blank or reference for soil. As seen in pure spectrum of NT, a sharp and a strong band at 1344 cm-1 for -NO2 group, 
can be seen as a very small signal in samples S3, S4 and S5. The sample acquisition time was dependant on the 
number of pulses and exposure time, in each of these cases, number of pulses were 10 and exposure time was 
2Sec.  This Raman band can be used to detect or identify the presence of nitroaromatics or TNT-based explosives 
qualitatively. Further optimisation of Raman spectroscope and signal enhancement with respect to different 
applications can be obtained to detect the nitroaromatics not just qualitatively but quantitatively as well in different 
environmental samples on-site.  
 
 
Figure 3 Raman spectrum of NT spiked dry soil samples 
 
Figure 4 Raman spectra of NT spiked wet soil samples 
Wet soil samples that are spiked with NT in different w/w ratios are denoted as S1.1, S2.1, S3.1, S4.1 and S5.1 
and their Raman spectrum is represented in Figure 4. The number of pulses were 3 and exposure time was 2 Sec. 
It is obvious from the Figure 4, that the most prominent peak at 1344 cm-1 can be seen as a small signal in samples 
S3.1, S4.1 and S5.1. Another peak at 792 cm-1 was also observed in S5.1 which is the next strongest band seen in 
pure sample. These samples represent different environments or sites contaminated with explosives such as areas 
with silts, groundwater, swamps, moist soils or tropical regions and wetlands etc. Thus, further optimisation of 
Raman signal for specific application of detecting landmines or sea mines can be adapted in future.  
 
Figure 5 Raman spectrum of pure 2-Nitrotoluene NT 
As depicted in Figure 5, where sample NT represents pure 2-Nitrotoluene whereas, sample S1a, S2a, S3a, S4a and 
S5a represent NT spiked water samples in different w/w ratio of water: NT -1:0.2, 1:0:4, 1:0.6, 1:0.8 and 1:1 
respectively. In each of these cases, number of pulses was 1 and exposure time was 2Sec. Since water has a weak 
absorption in Raman between 3600 to 3700 cm-1 , most of the medium to strong bands for Nitrotoluene were seen 
in all the samples. Almost all medium to strong bands can be seen notably in Raman spectrum of all the samples. 
Especially, the strong band at 1344 cm-1 was observed for the sample S1a with lowest concentration of 
Nitrotoluene. Thus, there is good scope of further optimisation and carrying out concentration dependant study. 
This investigation shows that Raman probe can be used in detecting explosives from landmines leaked into 
different waterbodies and water resources where other probes such as GPR, IR and other optical sensors fail. 
4. CONCLUSION 
This paper entails detection of nitroaromatics, TNT based explosive using Raman spectroscopy as a means of 
capturing chemical signature of landmines or leaked explosive to identify the landmine prone zones. NT are 
explosives and used as taggants in military grade TNT ammunitions as the trace vapours are easily detectable. NT 
is also found as a metabolite of microbial decomposition of TNT. Thus, detecting these chemicals in real 
environment/ landmine affected zones can give information of areas or soils infected with these chemicals due to 
leaked TNT mines irrespective of the casing type.  In this work, three scenarios were investigated – Nitrotoluene 
contaminated dry soil, Nitrotoluene contaminated wet soil and Nitrotoluene contaminated water to mimic 
explosive rich natural environment such as dry lands, deserts, groundwater, wetlands, silts, river, and lakes etc. 
Strong Raman signal at 1344 cm-1 representing -NO2 group stretching can be seen in samples with all the three 
scenarios. Although, the signal was relatively much stronger in case of water rich samples than soil samples. 
Raman signal strength with respect to different samples was achieved in the following order: water contaminated 
samples > wet soil samples > dry soil samples. This must be due to the huge background generated from the soil 
and further optimisation and elimination of background can make this technique suitable in different 
environments. Raman scattering can further be complemented with LIDAR, LIBS or different optical methods for 
hybrid systems deployable on drones in landmine detection.  
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